Introduction
The discovery of the cell-attracting chemokine Stromal cell Derived Factor 1 (SDF-1)/CXCL12 some twenty years ago and its ligand CXCR4 spurred tremendous research interest and generated an abundant literature reflecting the role of CXCR4 in various aspects of physiology and pathology, extending much beyond the role of CXCR4 as a co-receptor for Human Immunodeficiency Virus (HIV) on human T-cells [1] [2] [3] .
Indeed, CXCL12 and CXCR4 are expressed in a complementary pattern during embryogenesis and are needed for endodermal migration [4, 5] . In addition, CXCL12 is induced by hypoxia through the transcription factor hypoxia-inducible factor 1 (HIF1) and accordingly stimulates CXCR4-positive stem cells that locate within cellular hypoxic niches [6, 7] .
These features explain the lethal phenotype of Cxcr4 null-mutated mice, hence the need for cell-specific conditional deletion models to be able to decipher its physiological functions [8] . This sharply contrasts with knockouts (KO) for most other chemokine/chemokine receptor pairs, which are almost viable throughout the adult life and point to the uniqueness of the CXCL12/CXCR4 pair in physiology. Note however that another CXCL12 receptor, ACKR3 (CXCR7) has been described, it may therefore overlap with the functions of CXCR4 [9] [10] [11] . As the physiological role of ACKR3 is not yet fully understood, its description is beyond the scope of this review.
Although CXCR4 signaling governs many aspects of stem cell development during embryonic and adult life, it also plays a role in the proper homing and migration of mature lymphocytes within the bone marrow and peripheral lymphoid organs. It also regulates B-cell differentiation as discussed later.
From a paradigmatic point of view, upon engagement with its ligand, three processes namely desensitization (homologous and heterologous), internalization, and degradation regulate CXCR4. The homologous desensitization, or becoming refractory to continued stimulation, involves the recruitment of G-protein-coupled receptor kinases (GRK) that promote the recruitment of β-Arrestin which prevents coupling of receptor to new G protein and initiate endocytosis in clathrin-coated pits [12] . The receptor may then be recycled or degraded following ubiquitination by the E3 ubiquitin ligase AIP4 [13] . Another mechanism of heterologous desensitization is mediated by the activation of second messenger dependent protein kinases such as protein kinase A and C (PKA and PKC) [14] .
Abnormal expression and/or activity of CXCR4 due to an over stimulation or inhibition of transcription or internalization may therefore impact on several aspects of haematopoiesis and adaptive immune response, hence immune deficits and lymphoid neoplasms. A paradigmatic disease in this respect is the WHIM syndrome in which CXCR4 is mutated and displays anomalous internalization and signaling properties [15] . More recently, one third of patients with Waldenström's macroglobilinemia, a disorder induced by an IgM-producing plasmacytoma, were shown to harbour the WHIM syndrome mutation [16] .
Altogether understanding the molecules that regulate CXCR4 expression and/or activity in leukocytes is a very active area of investigation inasmuch as CXCR4 expression can be regulated by the processing of CXCL12 either by cleavage or binding to glycosaminoglycans (GAGs) within extracellular matrix [17, 18] . Engagement of either the T-cell or the B-cell receptor (TCR or BCR) on lymphocytes can down regulate cell surface CXCR4 expression pointing to cross talks between CXCL12/CXCR4 axis and other chemokine independent pathways [19, 20] .
These findings already translated into clinical applications with the invention of the first CXCR4 antagonist, AMD3100 and as our knowledge widens will be followed by other drugs aimed at directly or indirectly regulating CXCR4 expression and signaling, for multiple medical purposes [21] .
The physiological role of chemokine receptors is still a matter of intense research and attempts to generate pharmacological antagonists of these receptors are numerous [205] . Among these receptors, CXCR4 is the one with the most successful implications in medicine, especially in the fields of immunology and haematology. Our goals were therefore to summarize or current knowledge on CXCR4 in these fields. This review describes our current knowledge on CXCR4 involvement in the development of lymphoid progenitors (chapter 2), B-cells (chapter 3), Tcells (chapter 4) and as recently described, in NK-cells (chapter 5). We describedon one hand, pathological lymphoid disorders with quantitative abnormalities of CXCR4 including Idiopathic T-cell lymphocytopenia (chapter 7), chronic lymphocytic leukaemia (chapter 8), and solid tumours (chapter 9); and on the other hand, pathologies with qualitative mutations of CXCR4 including the WHIM Syndrome (chapter 6) and Waldenström's Macroglobulinemia (chapter 8).
CXCR4 and haematopoiesis
The CXCL12/CXCR4 axis is pivotal in the survival of Hematopoietic Stem Cells (HSC) and early-committed progenitors, in their mobilization from the bone marrow to the peripheral blood and migration back from the blood to the bone marrow. This later process continuously seeds suitable niches from the bone marrow with functional HSC thereby allowing the maintenance of haematopoiesis. Hematopoietic stem and progenitors expressing CXCR4 interact with CXCL12-expressing stromal cells within niches thus delivering survival, and mobilization signals to multipotent and committed progenitors.
The sequential appearance and disappearance of hematopoietic activity is notably governed by the CXCL12/CXCR4 axis and Very Late Antigen-4/Vascular cell adhesion molecule-1 (VLA4/VCAM-1) interactions [8, 22] . The role of CXCL12/CXCR4 interaction is needed for proper haematopoiesis throughout life as shown by induced deletion of Cxcr4 in adult mice [23] . As mentioned above, the mechanisms of stem cell mobilization from the bone marrow are complex and regulated by factors of homing and adhesion to and within the niche. Adhesion is a multistep process that involves selectin-mediated tethering and rolling on stromal/endothelial cells followed by activation and ultimately firm adhesion mediated by integrins [24] . CD34 + cells express both CD162 a sialomucin that binds all selectins and VLA4 [25, 26] . Of interest in this respect, CXCL12 enhances integrin activation and at least in vitro, E-selectin thereby promoting adhesion of CD34 + cells to the niche under flow, which allows their subsequent transmigration through endothelium [27, 28] . CXCL12 synergizes with Granulocyte colony-stimulating factor (GCSF) which activate the VLA4-ligand VCAM1and Vascular endothelial growth factor (VEGF) which activate both VCAM1 and E-selectin [28] [29] [30] . These findings were also supported by injection of antibodies and several KO mice models, and most convincingly by grafting human CD34 + cells into severe combined immunodeficiency mice [31] ; this work demonstrated the dependency of CD34 + cell engraftment on CXCR4, the expression of which is unregulated by Stem cell Factor (SCF) [32] . Altogether, these findings demonstrated that CXCR4 signaling is required for stem cells to migrate, survive and differentiate into dedicated bone marrow niches. Studies dealing with effects of CXCR4 on the cell cycle on HSCs are contradictory. Some indicate that CXCR4 is required for the quiescence of primitive HSCs whereas others pointed a synergy between SCF/Kit-ligand and CXCL12 for the proliferation of CXCR4 + progenitors [23, 33, 34] . Indeed, CXCR4 expression is higher in the most primitive CD34 + CD38 -progenitors and CXCL12 induced CD34 + cell proliferation in synergy with SCF or thrombopoietin TPO in vitro, further, cycling CD34 + cells may produce CXCL12 which protects them from apoptosis in an autocrine /paracrine manner [35, 36] .
SCF and CXCL12 synergize for the maintenance of Kitand CXCR4 expressing HSC; this is highlighted by the finding that perivascular SCF expression pattern is very similar to that of CXCL12 in bone marrow stromal cells especially in the perivascular niche [37] . This also is in agreement with the reported localization of the most primitive HSC adjacent to sinusoidal blood vessels [23, [38] [39] [40] . Most HSC are in contact with CXCL12-abundant reticular (CAR) cells mostly located around sinusoidal endothelial cells or near the endosteum [23] . Recent outstanding data from the groups of Morrison and Nagasawa using conditional deletion of Cxcl12 in various stromal cells from the bone marrow redefined the HSC niches [37, 41] . These data demonstrate that the most primitive Cxcr4 + HSC reside in a perivascular region in close contact with endothelial cells and perivascular cells whereas early lymphoid progenitors occupy an endosteal niche in close contact with osteoblasts. This also implies that bone marrow progenitors directly interact with Cxcl12-expressing stromal cells and do not respond to a Cxcl12 gradient, but that Cxcr4 expression and responsiveness of various progenitors to Cxcl12 dictate their fate within the bone marrow. It is indeed striking that CXCR4 signaling mediates quiescence in primitive HSC whereas it induces the proliferation of early B-cell progenitors [8, 33] . Thus genetic ablation of the Cxcr4 transcript relieves HSC from quiescence and allows them to differentiate and migrate to the blood, as they fail to home back into their bone marrow niches, these cells ultimately loose their self renewal capacity and ability to restore blood lineages upon grafting into syngeneic recipient.
Interference with the CXCL12/CXCR4 axis, was initially thought to prevent the binding and entry of HIV in T-cells using CXCR4 antagonist AMD3100, but this approach was not used in clinics until now [42] . However, a clinical trial is underway with the CXCR4 allosteric antagonist AMD11070 [43] .
Nevertheless, interfering with CXCL12/CXCR4 axis by means of a pharmacological and reversible ligand of CXCR4, AMD3100, allows human HSC to leave their niche and migrate to the blood were they can easily be collected by apheresis in order to be grafted to a recipient (allograft) or to the donor himself (auto graft) following chemotherapy. AMD3100 is currently approved by the Food and Drug Administration (FDA) to induce in combination with GCSF the mobilization of human HSC [44] . Of interest, injection of GCSF to induce stem cell mobilization has long been used for clinical transplantation although its mechanism remained poorly understood [45] . Among the mechanisms evoked for GCSF action, is the degradation of CXCL12 by neutrophil elastase in parallel with up regulation of CXCR4 [46] . As CXCL12 has a very short half-life time (1 min), it is very sensitive to degradation by cleavage of its Nterminal domain [47] .
In brief, CXCR4 is expressed on the most primitive and more committed hematopoietic progenitors and signals through interactions with CXCL12-expressing stromal cells in various bone marrow niches. CXCR4-mediated signaling results in distinct responses depending on the cell type (for instance quiescence vs proliferation), as also shown by predominant HSC and B-cell defects in Cxcr4-null mice, and neutrophil abnormalities in WHIM syndrome. It therefore remains to understand how CXCR4 is modulated and why progenitors behave differently following CXCR4 engagement. It is also unclear how progenitors move from one niche to another following CXCR4 engagement. Solving these challenges in the next years will undoubtedly teach us more in the fields of haematopoiesis and immunology.
CXCR4 and B-cell development

Early steps of B-cell development
Contrary to HSC, where CXCR4 signaling promotes survival and quiescence (see above), CXCR4 signaling in B-cell precursors promotes cell growth; this property led to the discovery of SDF1/CXCL12 [1] . The Cxcl12-null mice model established that Cxcl12 was necessary for Bcell lymphopoiesis in foetal liver and bone marrow, in addition to be necessary for bone marrow myelopoiesis [8] . This phenotype was close to that of Cxcr4 null-mutated mice and is likely due to the inability of B-cells from the blood to home into bone marrow or foetal liver [48, 49] . Homing of B-cell precursors into specific bone marrow niches is indeed dependent on Cxcl12/Cxcr4 interactions [50] . Further experiments using adoptive transfer of cells from Cxcr4 -/-animals, established the need for Cxcr4 expression by B-cell progenitors throughout adult life in order to home into the bone marrow [51] . Although myeloid lineages were also affected, the defect was predominant on the B-cell lineage further pointing to the dependency of B-cells towards the CXCL12/CXCR4 axis. As for HSC, B-cell precursors depend on VLA4/ VCAM1, and CXCR4/CXCL12 interactions for adhesion to stromal cells [52, 53] .
Cxcl12-abundant reticular cells (CAR) are scattered throughout the bone marrow and in close contact with HSC and B-cell precursors [23, 54] . Recently, the redefinition of bone marrow niches established that early lymphoid precursors are in close contact with osteoblasts while committed B-lineage progenitors are in contact with the perivascular niche [37, 41] . Of interest, the ability of osteoblasts to support the differentiation of primitive HSC towards all stages of B-cells has been reported [55] . Furthermore, this differentiation appeared dependent on VCAM-1, CXCL12 and G protein αi subunit expression by osteoblasts [55, 56] . It should be mentioned that the expression of CXCR4 is sinusoidal in the B-cell lineage being highest in pre-B-cells and decreasing as cells develop in immature B-cells, and finally increases in mature B-cells; however the response of mature B-cells to CXCL12 remains poor despite their high CXCR4 expression [57] . Thus, as for HSC, B-cell precursors are highly sensitive to CXCL12; this is possibly linked to intrinsic properties of the cells such as sustained activation of the focal adhesion kinase pathway contrary to mature B-cells [53] . Altogether, the fine-tuning of CXCR4 response during B-cell maturation is complex and not only mediated by the regulation of CXCL12 production and proteolysis or by CXCR4 transcription and trafficking, but also by exogenous factors such as local production of CCR5 ligands that induce heterologous desensitization of CXCR4 to CXCL12 [58] .
As discussed below, mutant mice harbouring the WHIM Syndrome linked Cxcr4 mutation display abnormal B-cell differentiation at the early B-cell committed progenitors stages combined to anomalous B-cell positioning within secondary lymphoid organs [59] . This points to the role of CXCR4 in mature B-cells peripheral compartmentalization.
B-cell homing and positioning within secondary lymphoid organs and regulation of CXCR4 expression by BCR signaling
Following B-cell development in the bone marrow, transitional B-cells home into secondary lymphoid organs to become follicular naive B-cells that constitute a B-cell zone, called primary follicle, distinct from the T-cell one. B-cells use CCR7, CXCR4 and CXCR5 receptors to migrate from the blood into SLO [60, 61] . CXCR5 + B-cells are attracted and organize themselves around CXCL13-expressing follicular dendritic cells and marginal reticular cells at the periphery, whereas T-cells express CCR7 and are attracted by CCL19-and CCL21-producing reticular cells [62] . Following antigen-specific T-cell activation, T-cells down regulate CCR7 and move towards B-cell follicles. In parallel antigen-activated B-cells keep their CXCR5 expression unaltered while up regulating that of CCR7 thereby migrating towards the T-cell zone. Upon T-B encounter, antigen-specific B-cells then proliferate to constitute the dark zone of the germinal centre. These large cells so called centroblasts undergo Immunoglobulin (Ig) gene class-switch recombination, due to CD40/CD154 interactions on B-and T-cells respectively [63] . Class-switch recombination is also a prerequisite for B-cells to undergo somatic hyper mutation of the hyper variable regions of Ig genes, these random mutation process leads to antibody diversity [64] . Centroblasts constitute the dark zone and are CXCR4 +/hi . As centroblasts are promoted they down regulate CXCR4, enter a quiescent state and constitute the light zone made of CD23
-/lo differentiated B-cells called centrocytes and are selected by antigen-presenting cells, so that B-cells with high affinity against antigen are positively selected for survival whereas low-affinity cells die in situ [65, 66] . Centrocytes ultimately give rise to plasma cells (PC) or to memory B-cells. B-cell differentiation in PC precursors also called plasmablasts, requires a synchronous up regulation of CXCR4 and down regulation of CXCR5, however migration of plasmablasts into splenic red pulp or lymph node medullary sinuses may not depend on CXCR4 expression inasmuch as mice with invalid Cxcr4 in adult B-cells display PC in these respective anatomic sites [67] [68] [69] . A likely hypothesis is that CXCR4 is instead needed for long-lived PC survival in bone marrow niches and thatVLA4 interaction with VCAM1 is necessary in this respect [70, 71] whereas migration of antibody-producing cells into the bone marrow depends on the sphingosine-1 phosphate and its receptor S1P1 [68] . Finally, an unanswered and interesting question is whether long-lived PC and B-cell progenitors compete for the same bone marrow niches.
Thus CXCR4 expression is sinusoidal in mature B-cells and tightly regulated within the secondary follicle intuitively suggesting that anomalous expression or signaling of CXCR4 may lead to B-cell defects or malignancies.
It is well known that CXCR4 expression is regulated directly by interactions with CXCL12 and indirectly by BCR signaling. CXCL12 interaction with CXCR4 induces CXCR4 inactivation on T-and B-cells and myeloid cells as well, so it is a general mechanism at least on mature cells that lead to CXCR4 phosphorylation on its intracytoplasmic C-terminal tail, leading to G protein uncoupling and CXCR4 internalization [20, 72, 73] . As for most chemokine receptor which are G-protein-coupled receptors, binding of CXCR4 with its ligand induces conformational modifications and secondary activation of G-proteins and further intracellular recruitment of G-protein-coupled-receptor kinases (GRK) that phosphorylate CXCR4 on Ser/Thr residues and recruit β-arrestins resulting in CXCR4 desensitization and finally its internalization [14] . CXCR4 is internalized and its surface expression down regulated following BCR activation or CXCL12 binding. Both signaling pathways induce CXCR4 phosphorylation on Ser residues albeit on distinct residues [20] . In fact, the migratory B-cell response to CXCL12 depends on both intrinsic factors and CXCR4 expression; indeed naive and memory B-cells are more sensitive to CXCL12 than germinal center B-cells in this respect [74] . The inhibition of CXCL12-mediated chemotaxis following BCR engagement depends on PKC but not on Ca 2+ due to CXCR4 internalization [20) .
In conclusion, CXCR4 expression in B-cell lineage cells depends on CXCL12 expression at the pro/pre B-cell stages and PC that lack functional BCR, whereas it also depends on the BCR signal strength at more mature stages.
CXCR4 and T-cell development
Early thymic progenitors cKit + which reside in the thymic double negative DN1 fraction differentiate from common lymphoid progenitor and migrate from the bone marrow to the thymus through the blood and invade the epithelial rudiment at the cortico-medullary junction through post capillary venules where they loose progressively non-T-cell differentiated capacity and become fully T-cell committed as also described in human thymocytes [75] [76] [77] [78] [79] . These DN thymocytes make some 2% of thymocytes and are further divided in differentiation stages based on CD44 and CD25 expression [80] . CD44 [81] . Only two chemokines, CXCL12 and CCL25/thymus-expressed chemokine TECK are expressed in the thymic cortex namely by cortical epithelial thymic cells [82] [83] [84] . The CXCL12/CXCR4 axis is mandatory for retaining human double positive (DP) thymocytes in the cortex. In addition, in mice lacking Cxcr4 on thymocytes displayed defective DN migration to the cortex and defective DN to DP transition [82, [85] [86] [87] . DN migration can indeed be inhibited by AMD3100 [85, 88] . In the medulla, CCR7 promotes migration of mature thymocytes from the cortex. Thus, two opposing chemokine gradients regulate thymocyte migration from the cortex to the medulla.
TCR βselection starts at the DN stage and DN3 cells express pre-TCR made of a pre-TCR α chain associated to TCR-β chain. These cells are selected positively by interactions with stromal cells in the cortex and CXCR4 is crucial for this process. Indeed, it is functionally associated with the pre-TCR and needed to activate phosphatidyl inositol 3-kinase (PI3K) and Notch pathway, the later which is mandatory for T-cell differentiation [86, 87, 89, 90] . In brief, DN thymocytes expand and differentiate in the cortex due to migration retention and survival signals dependent on CXCR4, and as for HSC, CXCR4 activation up regulate adhesion molecules integrin-α4β1/VLA4 [91, 92] .
Thus CXCR4 plays a crucial and non-redundant role in thymic progenitors positioning in the cortex and in pre-TCR-mediated survival signals, the failure of which resulted in developmental arrest at the DN stage. Of interest, mice carrying a WHIM Syndrome heterozygous Cxcr4 mutation display abnormal thymic maturation [59] . Once positive selection of DP thymocytes and negative selection of CD4 + and CD8 + single positive thymocytes has been achieved, these cells leave the thymus to seed secondary lymphoid organs. Naive T-cells do not rely on CXCR4 for thymic egress and to home into T-cell zones. However CXCR4 is needed for T-cell extravasation through high endothelial venules and entry into the lymph nodes [93] .
As for the BCR, TCR engagement or signals that mimic PKC activation such as phorbol esters result in the phosphorylation and internalization of CXCR4 in T-cells, whereas infections with human herpes viruses HHV-6 or-7 down regulateCXCR4 transcription [72, 94] . TCR-induced CXCR4 down modulation may therefore help T-cells stay at the site of self-antigen encounter by dendritic cells (DC) in the thymus in order to undergo negative selection in the medulla. Similar mechanism may operate in secondary lymphoid organs during presentation of antigens by DC. Of interest CXCR4 may increase the stability of the T-antigen-presenting cell (APC) immunologic synapses (IS) necessary for successful T-cell activation [95] . Interestingly, upon CXCL12 stimulation, a physical association between CXCR4 and TCR was described and promote TCR signal transduction. This association is responsible for prolonged extracellular signal regulated kinase activity, increased intracellular calcium ion concentrations, robust activator protein-1 transcriptional activity, and SDF-1α costimulation of cytokine secretion. These pathways mediate costimulation of cytokine secretion by activated T-cells [96] .
Following antigen encounter, naive T-cells differentiate in CD4
+ or CD8 + memory T-cells that home into the bone marrow which is a survival site for memory T-cells [97, 98] . However CXCR4 does not seem to be necessary for the retention and survival of memory T-cells, as survival is mostly dependent on IL7 [99, 100] .
In conclusion the physiological role of CXCR4 in T-cell development and functions predominates on thymic progenitors although impaired peripheral T-cell responses in WHIM syndrome and Idiopathic CD4 + T-cell Lymphocytopenia suggest a role of CXCR4 on peripheral Tcells.
CXCR4 and NK-cell development
Natural killer (NK) cells are lymphocytes of the innate immune system that are involved in the early control of infections by viruses and other intracellular pathogens. NK cells can be identified by expression of the activating NK receptor NK1.1 associated with the absence of T-cell CD3 receptor complex. Based on the membrane expression of the tumour necrosis factor superfamily member CD27 and the integrin CD11b, four maturation stages can be identified: CD11b [101, 102] . These NK-cell subsets display heterogeneous distribution in lymphoid organs. The bone marrow plays a pivotal role in NK-cell development. NK-cell differentiation in the bone marrow is associated with coordinated and tightly regulated changes of both expression and activity of distinct GPCRs including CXCR4. Indeed, CXCR4 is highly expressed on NK precursors but it gradually declines during maturation [103] . Conversely, expression of CXCR3, CCR1, CX 3 CR1 and S1P5 (Sphingosine-1-phosphate receptor 5) progressively increase with NK-cell maturation [104, 105] . CXCR4 and S1P5 appear as master regulators of NK-cell retention in, and egress from, the bone marrow. The exit process is obviously required for ensuring immunosurveillance. CXCR4 retains NK cells in the bone marrow parenchyma, whereas S1P5 promotes their exit from this organ through sinusoids. Using S1p5-null mice and knockin (KI) mouse model in which Cxcr4 cannot be desensitized, Mayol et al have recently showed that NK-cell exit from the bone marrow requires both Cxcr4 desensitization and S1p5 engagement by their corresponding ligands namely Cxcl12 and S1p, which are produced in the bone marrow and the bloodstream respectively [103] . In the bone marrow, CXCL12 is detected in different niches including the endosteal one and CAR cells as well [46, 106] . A recent study indicates that NK cells are found in close contact to CAR cells that also produce IL-15, another master regulator of NK-cell homeostasis [107] . Another work conducted by Sciumè and collaborators has involved the integrin chain α4 and the Fractalkine/CX 3 CL1 receptor CX 3 CR1 in the positioning of mature NK cells in the sinusoidal compartment [104] . Once in the blood, the S1P concentration increases and S1P5 responsiveness decreases [108] . This responsiveness is recovered in the lymph nodes to allow NK-cell exit via lymphatics in a CXCR4-independent manner. The mechanism controlling NK-cell exit from the human bone marrow is likely to be similar to the one reported in the mouse counterpart. Several lines of evidence support this assertion. First, the absolute number of NK cells is deeply decreased in the peripheral blood of some WHIM syndrome patients that harbour a gain-of-CXCR4-function mutation [109] . Second, CXCR4 has been shown to retain human NK cells in the bone marrow and spleen of immunodeficient mice reconstituted with human immune system [110] . Finally, S1P5 was reported to be unregulated during human NK-cell differentiation [105] .
CXCR4 in the WHIM syndrome
The WHIM syndrome (WS) is a rare immunological disorder characterized by the presence of warts (W), hypogammaglobulinemia (H), bacterial infections (I) and myelokathexis (M) meaning an abnormal retention of pro-apoptotic neutrophils in the bone marrow [111] . WS is an inherited pathological disorder with an autosomal dominant transmission. The WS estimate incidence was of 0.23 per million births but the prevalence is < 1/1 000 000. In fact, there are less than 60 documented cases in the world [112] .
Inherited heterozygous autosomal dominant mutations of the CXCR4 gene, which result in the truncation of the carboxyl-terminus of the receptor leading to a defect of CXCR4 inactivation, were found to be associated with the WS [113] . The disorder is clinically and genetically heterogeneous, since hypogammaglobulinemia and verrucosis were absent in some cases, and individuals with isolated myelokathexis were found to be "wild type" for the CXCR4 gene [114] . As described previously, CXCR4 is expressed in hematopoietic cells. Consequently, the lack of CXCR4 inactivationis expected to generate significant immune and haematological disturbances [14] .
Patients with WS exhibit a marked lymphopenia suggesting either a central defect of leukocyte differentiation in the bone marrow and the thymus or a peripheral defect such as an increase in apoptosis. Morphological analysis of bone marrow was performed in some patients; it evidenced an abnormal morphology of neutrophils called myelokathexis and an increase in neutrophil counts [111] . Furthermore the analysis of a bone marrow sample from one patient failed to detect abnormalities in lymphoid precursors and in immature and mature B-lymphocytes [115] .
Biological features of WS include hypogammaglobulinemia, involving IgG. As expected, hypogammaglobulinemia combined to neutropenia in WS patients results in infections especially of encapsulated bacterias. Interestingly, infections transiently increase the number of neutrophil counts in the blood suggesting that neutropenia is caused by lack of neutrophils egress rather than to a defect in production. Patients also present recurrent pneumonias, sinusitis, urinary tract infection and skin infections among others. Strikingly, WS patients display high susceptibility to human papilloma virus (HPV) leading to skin lesions such as warts on hands, feet and trunk, genital and anal condylomas and mucosal lesions which often progress to carcinomas [116] . In two patients carrying the heterozygous CXCR4 1013 mutation, CXCR4 failed to internalize on lymphocytes upon stimulation. In PBMC, refractoriness of CXCR4 for desensitization and internalization led to an enhanced CXCL12-promoted chemotaxis [114] . Thus the lack of CXCR4 inactivation is associated with a gain of function of the receptor at least based on migration capacity criteria.
Despite lymphopenia and hypogammaglobulinemia, WS patients immunized with tetanustoxoid produce normal amounts of antibodies against tetanus-toxoid 10 weeks after immunization. However, no specific antibodies were found one year after immunization suggesting a defect in long-lived PC and/or in memory B-cell response in WS [115] .
There are currently no specific treatments for WS patients, albeit symptomatic use of GCSF and intravenous immunoglobulins (Ig) combined to anti-infectious agents is of some help [116] , however CXCR4-targeted therapy is promising as described below.
In order to better understand this pathology, to characterise lymphoid differentiation and haematopoiesis defects in WS, we sought to generate an animal model. Balabanian et al generated a KI mouse strain that harbours a WS-associated heterozygous mutation of the Cxcr4 gene (i.e.,Cxcr4
) to analyse the impact of Cxcr4 desensitization on leukocyte homeostasis [59] . These mice display a severe lymphoneutropenia. As in patients, CXCR4 failure to internalise doesn't lead to an increase in receptor expression in leukocytes in eitherbone marrow, thymus, spleen and blood. Moreover, all tested leukocyte subsets from Cxcr4 +/1013 mice, displayed increased sensitivity to Cxcl12-promoted chemotaxis compared to wild type mice as shown in blood T-and B-cells, and in DP, and SP thymocytes. Both frequency and absolute numbers of CD19 + B-cells were slightly, but significantly lower in the bone marrow from Cxcr4 +/1013 mice. In contrast to the myeloid series, leukocyte differentiation was altered in Cxcr4 +/1013 mice. Indeed, the absolute number of pro/pre-B cells, and to a mice contrary to patients as mentioned above. In parallel, mature T-and B-cells were abnormally compartmentalized in the periphery, with fewer primary follicles in the spleen and absence in lymph nodes, mirrored by an unfurling of the T-cell zone. These mice provide a model to decipher the role of CXCR4 desensitization in the homeostasis of B-and T-cells and to investigate which biological abnormalities of patients may be reversed by dampening the gain of CXCR4 function [59] . As mentioned above (chapter 4) CXCR4 may increase the stability of the T-APC interactions and is necessary for optimal T-cell activation [95] . Indeed, recent data demonstrated that WHIM-CXCR4-expressing retrogenic T-cells inhibits the formation of long-lasting T-APC interactions confirming the role of CXCR4 in the stability of T-APC Immune Synapse. Such anomalous synapse formation likely results in the failure to respond to vaccinations with the absence of specific antibody one year after vaccination observed in WS patient [117] . Thus, it will be interesting to investigate if there is an optimal adaptive immune response in these mice. In addition, the discovery of a mouse papillomavirus (MusPV) rendered possible to analyse HPV-infected Cxcr4 +/1013 mice [118] , as done in nude mice [119] .Finally our mice will also be useful to test new drugs including molecules that target CXCR4. AMD3100 (plerixafor) a selective and competitive antagonist of CXCR4 appears to be a potential treatment for patients with WS, and clinical studies have been conducted accordingly. One study reported the effect of daily injections with increased concentrations of AMD3100 (0.02-0.24 mg/kg) in 3 adults with WS; an increase of white blood cells and of absolute lymphocyte, neutrophil and monocyte counts was observed in all patients. Furthermore white blood cells mobilization is higher with AMD3100 than with GCSF [120] . Another study showed that treatment with AMD3100 every 2-4 days in 6 patients resulted in prompt leukocytosis [121] . Mice carrying the heterozygous Cxcr4 +/1013 mutation, were also treated with AMD3100 or chalcone 4 that binds Cxcl12 and prevents signaling through Cxcr4. After single intraperitoneal injection of either AMD3100 or chalcone 4, the absolute numbers of total leukocytes in the blood of WT mice, including neutrophils, B and T cells was increased within 3 hours [59] .Therefore, AMD3100 is able to reverse the pan leukopenia in WS mice and patients albeit transiently because of its short half-life. A more recent trial involving 3 WHIM patients treated with plerixafor subcutaneously twice daily for 6 months in combination with the Interferon-αinducer imiquimod, showed improvement in warts and in infections, albeit with partial restoration of Ig levels and vaccine responses [103] .
To conclude, patients with WS have a gain of CXCR4 function, which leads to severe disorders of lymphocytes and neutrophils and hence of immune responses. How it affects mature T-and B-cells is still unclear. Undoubtedly, studies on homozygous and heterozygous mice and on the hematopoietic compartment will help understand the pathologies associated with CXCR4 dysfunction. with lack of HIV infection or other known immune defect or therapy associated with lymphopenia [122] . This clinical entity was defined in 1992 by the Centers for Disease Control and then some 258 cases have been reviewed in the literature [122, 123] . ICL patients often present life threatening opportunistic infections similar to those observed in acquired immunodeficiency (AIDS) syndrome. The most common infections in ICL are cryptococcal (Cryptococcus neoformans), genital HPV, non-tuberculous mycobacterial infections (Mycobacterium avium),in addition to progressive multifocal leukoencephalopathy [122, 124] . Malignancies are also common in ICL, including EBV-related B-cell lymphomas, Kaposi's sarcoma and as seen in the WHIM Syndrome, cervical or perineal neoplasias in the setting of long-term HPV infections [125] [126] [127] [128] [129] . In addition, autoimmune diseases (e.g. Sjögren syndrome) were also frequently reported [122] .
CXCR4 in the Idiopathic
The aetiology of ICL is unlikely to involve an infectious or environmental agent but may have a genetic basis as loss-of-function mutations have been reported in genes encoding regulators of the TCR diversity and signaling (i.e.Unc119, MAGT1 and RAG1) [130] [131] [132] . ICL is considered as a heterogeneous syndrome possibly encompassing different disorders sharing the common feature of reduced circulating CD4 + T-cell counts. One issue is to determine whether the ICL results from a defective bone marrow production or thymic output, or an exacerbated peripheral consumption of CD4 + T-cells, or any combination of central or peripheral defect.
The defective production of CD4 + T-cell hypothesis is supported by a study reporting a regenerative failure of HSCs and lymphoid precursors in the bone marrow of ICL patients [133] . A work dealing with T-cell maturation has shown apparent restriction of the α/β and γ/ δ TCR in ICL suggesting a disturbed thymic T-cell maturation in ICL [134] . In support of the central defect hypothesis, CD34 + HSCs derived from one ICL patient carrying a hypomorphic missense mutation in the Recombination Activating Gene 1 (RAG1) were not able to repopulate humanized Rag2
mice, which is in favour for the lymphoid origin of the lymphopenia [132] . Finally, non-myeloablative allogeneic bone marrow transplantation in one patient was able to restore CD4 + T-cell numbers and functions [135] .
In addition various works argue for an exacerbated peripheral consumption of CD4 + T-cells. Decreased T-cell responses as well as increased T-cell activation and apoptosis have been reported in ICL [136] [137] [138] . In terms of CD4 + T-cells activation, studies have reported enhanced propensity of ICL T-cells to undergo apoptosis, a process partially dependent on Fas and Fas Adult Stem Cell Nichesligand overexpression [137] . Markers for cell activation and turn-over, as indicated by HLA-DR, Ki-67 expression and BrdU labelling are also increased in CD4 + T-cells and this was inversely correlated with blood CD4 + T-cell counts [138] . In another report, abnormal CD4 + Tcells cycling was associated with levels of plasma lipopolysaccharide resulting from microbial translocation [139] . Therefore, immune activation and preferential loss of naive T-cells in ICL could result from chronic and persistent stimulation by an unidentified pathogen [122] . Mechanistic studies have also pointed out a defective TCR signal transduction in ICL raising the possibility that persistent T-cell activation leads to defective TCR signaling and may contribute to T-cell depletion [130] [131] [132] . Increased levels of the homeostatic cytokineIL7 in the sera of ICL patients inversely correlate with those of blood naive CD4 + T-cells and may reflect the triggering of a homeostatic response in order to restore normal CD4 + T-cell counts [133, 137, 140] . This accumulation of IL7 likely results from both a diminished consumption of the cytokine and a decrease of IL7 receptor α chain expression (CD127) on the reduced T-cell pool. Moreover the induction of phospho-STAT5 after IL7 stimulation was decreased in residual memory CD4 + T-cells of some ICL patients. These data suggest that high serum IL7 levels do not necessarily represent a compensatory response but may be further accentuating T-cell apoptosis and lymphopenia [141, 142] . In addition, while one study reported a successful therapy with IL2, decreased IL2 responses correlated with impaired IL7 responses, which may account for the loss of CD4 + T-cells homeostasis in ICL [142] [143] [144] .
Regarding the CXCR4/CXCL12 axis, some studies demonstrated it role for T-cell production, homing, positioning and activation within secondary lymphoid tissues. Furthermore, alterations of CXCR4 expression or activity are likely to severely impact T-cell differentiation and trafficking. Thus, we hypothesized that expression or function of CXCR4 could be altered in ICL causing CD4 + T-cells alteration. Thus,ICL may mirror WHIM Syndrome as we observed decreased CXCR4 expression on CD4 + T-cells in ICL. We contributed to the identification of a defect in CXCR4 expression at the surface of CD4 + T-cells from 6 ICL patients with concomitant intracellular accumulation of CXCR4 and CXCL12. This suggested a defective intracellular routing of the chemokines/chemokines receptors complex. Analyses of CXCR4 fate following CXCL12 stimulation indicated that CXCR4 preserved its ability to internalize, but thereafter poorly recycled back to the plasma membrane of ICL T-cells. Altered membrane CXCR4 recovery resulted in a loss of CXCR4 function, as illustrated by the impaired CXCL12-promoted chemotaxis of ICL CD4 + T-cells [144] . These results were recently extended to 20 newly ICL patients and suggest that impaired membrane CXCR4 expression may contribute to the defective CD4 + T-cell homeostasis in the periphery but also in the thymus.
Altogether, ICL is a complex disorder with impaired membrane CXCR4 expression in peripheral lymphoid populations and in progenitors, possibly explaining the downstream lymphocytopenia. Deciphering the reasons for such dysfunction will help us discover new molecular targets for immune cell therapy. In this context, we derived induced pluripotent stem cells iPSCs, from CD4 + T-cells of an ICL patient; this will offer unprecedented opportunities to study T-cell differentiation in this disease.
CXCR4 in B-cell malignancies
Chronic lymphocytic leukaemia (CLL) is the most common leukaemia accounting for some 30% of adult leukaemia's in western countries It is due to an accumulation of small B-cells in the blood, the bone marrow and secondary lymphoid organs. Although this accumulation reflects lack of apoptosis, CLL cells do proliferate and their mitotic index and telomere length correlate with the degree of malignancy as reflected by the Binet [145] or Rai [146] clinical staging or the mutational status of Ig hyper variable regions, currently the gold biological standard for prognosis in this disease [147] [148] [149] . Somatically Ig hyper mutated (M-CLL) is typically indolent whereas Ig unmutated (U-CLL) is more aggressive [150, 151] . The cellular origin of CLL has been intensively debated, however contrary to the prevailing view that CLL originate from memory/activated B2 B-cells, we favour the recent hypothesis that CLL B-cells originate from malignant transformation of CD5 + B-cells [152] . Moreover both indolent and aggressive CLL originate from B-cells endowed with an auto reactive surface Ig which supports the hypothesis of a common molecular mechanism for both CLL types albeit occurring at two cellular differentiation stages [153] .
CLL B-cells overexpress functional CXCR4 that may help B-cell to survive/proliferate and is associated with increased response to CXCL12 [154] . Indeed it has been noticed that CLL cells survive longer in vitro when cocultured with bone marrow stromal cells [155] [156] [157] . Interestingly survival mechanisms were linked to stimulation of CXCL12/CXCR4 and VLA4/VCAM axis [158] [159] [160] . This suggested that CLL cells are stimulated in protective microenvironments in the bone marrow or in secondary lymphoid organs and indeed proliferation centres with stromal cells and T-cells associated with CLL cells so called pseudo follicles were observed in these tissues [147, [161] [162] [163] [164] . CLL cells in the blood are likely more sensitive to drugs than they are in lymphoid tissues.
Thus a new therapeutic strategy in CLL would be to down regulate or desensitize CXCR4 or disrupt CXCL12/CXCR4 interactions by AMD3100 on malignant B-cells in order to force them to leave their protective environments and undergo apoptosis in the bloodstream [165, 166] .
As CLL are endowed with auto reactive surface Ig, they may be triggered repeatedly in vivo by auto antigens and BCR signaling is expected to down regulate CXCR4. Thus increased CXCR4 expression likely reflects the poor BCR signaling in vivo compared to that in normal B-cells; in addition CLL cells are surface Ig lo . Indeed, CLL cells are anergic to anti-IgM stimulation, although U-CLL respond better in this respect than M-CLL in terms of proliferation and BCR signaling, and interestingly, U-CLL down regulate CXCR4 more efficiently than M-CLL upon sIg cross linking in vitro [167] [168] [169] . AMD3100 has been shown to potentiate Chemo/Immunotherapy in CLL in vitro [170] . This can be interpreted as either a blockade of the CXCR4 survival pathway or a help of CLL cells to detach from CXCL12 + stromal cells in SLO and move away from their protective microenvironment or both. These results need however to be reconciled with the finding that CXCR4 expression on CLL cells is lower in LO than it is in the blood [171] .
As mentioned above (chapter 3), BCR-induced CXCR4 phosphorylation is PKC-but not Ca 2+ -dependent [20] . Either CXCL12 interaction with CXCR4, or BCR engagement activates Adult Stem Cell NichesPI3kinase-δ and CAL101 an inhibitor of this kinase was efficient against CLL [172] . Thus activating these pathways by molecules less toxic than phorbolmyristate acetate might prove useful to down regulate CXCR4, alternatively, pharmacological inhibitors of regulators, such as phosphatases of the PKC pathway might be useful as well.
In Waldenstom's Macroglobulinemia (WM), macroglobulinemia designs an increase in serum concentrations of IgM and causes much of the morbidity associated with the disease. WM is an indolent B-cell malignancy with a monoclonal proliferation of IgM-producing PCs that fail to undergo Ig isotype switching. WM is uncommon relative to plasma cells (PC) myeloma [173] . Although the pathogenesis of WM remained undetermined several data suggested that genetic factors contributed to the disease [174] . PCs from WM are CXCR4 hi VLA4 hi and as for normal PC, malignant PC continuously home into the bone marrow and trans endothelial migration of PC from WM depends on CXCL12/CXCR4 [175] . It is now clear that WM results from somatic mutations in PC precursors.
A recent study evidenced somaticCXCR4 mutation in 28% of the patients PC [16] . Five distinct somatic mutations were located in the CXCR4 C-terminal tail, each of which were identical or functionally similar to mutations associated with WHIM syndrome (WS), resulting in the loss of regulatory Ser/Thr residues likely leading to impaired inactivation. CXCR4 is the second most frequent somatic mutation in WM next to L265P-MYD88 mutation that was detected in 90% of cases. Most interestingly, 98% of patients with CXCR4 mutation harboured the MYD88 mutation. These results imply that a gain of function CXCR4 is involved in the pathogeny of WM. It remains to understand how this helps malignant transformation to occur, and how to reconcile this observation with hypogammaglobulinemia in the WS. An interesting perspective here is the potential useful treatment of WM patients mutated or not for CXCR4, with AMD3100. It will undoubtedly represent the second therapeutic indication of plerixafor after WS.
CXCR4 and solid tumours
CXCR4 plays a critical role in the promotion of several solid tumours. A recent study showed that non-small lung cancer cell lines did express high CXCR4 despite secreting CXCL12 [176] ; this questions the inability of CXCL12 to down regulate CXCR4 in these cells. Moreover these cells had a high self-renewal and tumour promoting activity in vivo. Thus CXCR4 may behave as a growth stimulator and help cancer stem cells home into protective niches within the solid tumour or metastasize within the bone marrow where they may compete with normal HSC, hence adverse effects on immunity and haematopoiesis.
A common feature of WS and ICL is the occurrence of cancers that are often linked to HPV infections. In ICL, some 15% of the patients experienced HPV infections and / or squamous and basal cell carcinomas of the skin, Bowen's disease, vulvar, cervical or bladder carcinomas [122] . Interestingly, HPV has been detected in these pathologies [177] [178] [179] [180] [181] . In WS, clinical manifestations at diagnosis include cervical papillomatosis that can lead to invasive cancer [112] . This highlights the potential and still undetermined role of CXCR4 (over or impaired membrane expression) in the control of immunity to HPV. It also points to the fact that the term "gain of function" for the CXCR4 1013 mutation may be a misnomer as it points for an augmented capacity of the cells to migrate in vitro and most likely to stick to their niches in vivo. Of note, there is no correlation between HPV-associated cancers and Waldenstom's Macroglobulinemia, which only affects PC and leaves intact most immune cells with normal CXCR4. The germ line CXCR4 1013 -mutation is clearly associated with a polyclonal loss of function of B-, T-and NK-cells in vivo and possibly of neutrophils as well and the respective contribution of these leukocytes to the adaptive immune response against HPV remains to be understood.
Within solid tumours or among malignant cells from leukaemia's, several lines of evidence suggest that there are cells called cancer stem cells or tumour initiating cells. They have been identified in many types of cancers including human gastric tumour, mammary gland, brain, prostate gland, colon pancreas, head and neck and liver [182] [183] [184] [185] [186] [187] [188] [189] [190] . On primary cultures of cells from a human gastric tumour, those cells are able to grow on extracellular matrix and to form spheroid, structures specific of stem cells. Furthermore those cells are more resistant to chemotherapy and capable of self-renewal [182] . This feature could explain the failure in the treatment of cancers. In a Gefitinib-resistant non-small cell lung cancer cells line (A549/GR), experiments show that these cells possess some features of stem cells such as the acquisition of epithelial mesenchymal transition property. More interestingly, there is a high proportion of CXCR4 + cells in A549/GR, with high self-renewal activity in vitro, high tumorigenic potential in vivo, a strong sphere-forming activity and a resistance to radiation. The use of si-RNA specific of CXCR4 or the AMD3100 are both able to suppressed sphere forming activity in those cell lines, demonstrating an important role of CXCR4 in maintaining cancer stem cells features in A549/GR [176] . Cancer stem cells are potential targets for therapies in order to eliminate malignant cells in solid tumours resistant to chemotherapy.
The CXCL12/CXCR4 axis is known to be involved in tumour growth and metastatic process. The microenvironment is essential for tumour development and stromal and malignant cells communicate via growth factors and cytokines [191, 192] [193] . These experiments demonstrate the importance CXCL12/ CXCR4 axis in the microenvironment regarding metastases and tumour growth. Since CXCL12/CXCR4 axis may promote cancer cell survival, invasion, and tumour-initiating cell phenotype. Therefore blocking this axis may be a potential approach to target various components in solid tumours.
The CXCL12/CXCR4 axis is also involved in the recruitment of immune cells into the tumour as described for regulatory T-cells (Tregs). Indeed Tregs expressing CXCR4 are recruited in a number of tumours including ovarian cancer, adenocarcinoma of the lung, malignant meso-thelioma and the myelodysplastic syndromes [194] [195] [196] [197] . In cancer, the balance between Tregsand T-effector cells is often deregulated and Tregs are recruited to the tumour, a process that suppress the anti-tumour immune response leading to tumour growth. In basal-like breast cancer, it was shown that there is a positive correlation between CXCL12 expression in the tumour and Tregs recruitment correlated with a poor survival in patients [198] . This was also shown in lung adenocarcinomas and malignant mesothelioma [195, 196] . In addition Yan et al showed that the recruitment of Tregs is correlated with hypoxia-induced CXCR4 expression in basal-like breast cancers. Furthermore, in lung adenocarcinoma, CXCR4 positive Tregs cells are able to regulate the immune response and to secrete tumour growth factor-β which upregulate CXCR4 on naive T-cells and contribute to their migration and retention in the tumour microenvironment and that contribute to increase pathogenesis [195] . Overall, these observations suggest that CXCL12 expression may influence tumour progression by shaping the immune cell population infiltrating lung adenocarcinoma tumours. In human ovarian carcinoma, Tregs preferentially move to tumours and ascites and suppress tumour-specific Tcell immunity and contribute to growth of human tumours in vivo. The recruitment of Tregs represents a mechanism by which tumours may promote immune advantage. Altogether, these results suggest that AMD3100 or other drugs that target the CXCL12/CXCR4 axis may be useful adjuncts for immune-chemotherapy in some cancers [199] .
Conclusion/therapeutic perspectives
The contribution of the CXCL12/CXCR4 signaling axis to many aspects of physiology and pathology has been increasingly appreciated (Figure 1 & 2) . Deregulations of CXCR4 signaling and/or expression are associated with several disorders including lymphoid and autoimmune diseases, solid tumours and immune defects [15, [200] [201] [202] [203] . Therefore, interference with the CXCL12/CXCR4 interaction or modulation of CXCR4 expression and/or activity is potentially interesting in the treatment of diseases with loss or gain of function of CXCR4. In this context and for the last two decades, many pharmaceutical companies have been trying to develop specific drugs targeting this axis [204, 205] . In light of recent clinical investigations, the bicyclamplerixafor (AMD3100), has already been approved by the FDA for HSC mobilization in patients with non-Hodgkin's lymphoma and multiple myeloma [206] . In addition, Plerixafor is already under Phase I of clinical investigation in Glioma, Acute Myeloid leukaemia, CLL and WS [204, 207] . Furthermore, regarding the low half-life, the constraining frequency of administration of AMD3100, several promising CXCR4 antagonists have been developed to block CXCL12/CXCR4 interactions that are currently under different stages of clinical trials mainly for HSC transplantation in patients with multiple myeloma and non-Hodgkin's lymphoma [205] . Most of them neutralize the interaction of CXCL12 with CXCR4 by binding to the receptor. Another way is to directly target CXCL12 by developing molecules that interact directly with it thus diverting the chemokine from its receptor. For example blocking interactions of CXCL12 with the extracellular matrix and cell surface glycosaminoglycans may be an approach by developing CXCL12 binding heparansulphates. In addition other strategies will be to generate molecules interfering with intracellular trafficking and expression of CXCR4 which are two different ways to normalize CXCR4 expression and functioning in pathologies associated with CXCR4 anomalies as seen both in ICL and WS. As mentioned in the introduction, ACKR3 may share overlapping functions with CXCR4 and is possibly involved in the same pathologies and need to be investigated in this respect [208, 209] . Following antigen capture and processing, dendritic antigen-presenting cells (APC) move to the T-cell zone in the SLO to prime antigen-specific T-cells whereas follicular B-cells are stimulated by soluble antigen. In turn T-and B-cells move towards each other and antigen-specific B-cells expand to generate the dark zone DZ made mostly of centroblasts. These cells differentiate in centrocytes that constitute the light zone and downregulate CXCR4. Ultimately, centrocytes differentiate in memory B-cells or plasma cells (PC), the laterupregulate CXCR4 and migrate to the bone marrow. In the WS, one hypothesis is that the germlineCXCR4 m mutation impairs T-APC and T-B interactions leading to deficient GC formation. In Waldenstom's MacroglobulinemiaWM, the somatic CXCR4 m mutation in B-cells confers a survival advantage and drives PC to migrate and home into the bone marrow were they become malignant due to additional gain of function mutations such as in the MYD88 gene. In the Idiopathic CD4 + T-cell LymphocytopeniaICL, downregulation of CXCR4 expression in T-cells may concur to the deficient adaptive immune response. In chronic lymphocytic leukaemia, PC differentiation is impaired and leukemic B-cells express CXCR4, which keeps them in a protective environment in contact with CXCL12-producing stromal cells thereby protecting them from immune/chemotherapeutic drugs. In this context, AMD3100 plerixafor may help sensitize chronic lymphocytic leukaemia CLL cells to drugs. Plerixafor is already used for the treatment of WHIM Syndrome WS, and may prove useful in the treatment of WM.
A new therapeutic era has begun, next years will witness the use of anti-chemokines receptors to prevent malignant cells from interacting with their protective stromal cells and of inflammatory cells to migrate into tissues, these new families of drugs should clearly improve the efficacy of current anti-cancer, anti-autoimmune and anti-inflammatory molecules [182] . 
